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Abstract 


The possibility of using bioenergy as a climate change mitigation measure has sparked a discussion of 
whether and how bioenergy production contributes to sustainable development. We undertook a systematic 
review of the scientific literature to illuminate this relationship and found a limited scientific basis for policy- 
making. Our results indicate that knowledge on the sustainable development impacts of bioenergy production 
is concentrated in a few well-studied countries, focuses on environmental and economic impacts, and mostly 
relates to dedicated agricultural biomass plantations. The scope and methodological approaches in studies dif- 
fer widely and only a small share of the studies sufficiently reports on context and/or baseline conditions, 
which makes it difficult to get a general understanding of the attribution of impacts. Nevertheless, we identi- 
fied regional patterns of positive or negative impacts for all categories — environmental, economic, institu- 
tional, social and technological. In general, economic and technological impacts were more frequently 
reported as positive, while social and environmental impacts were more frequently reported as negative (with 
the exception of impacts on direct substitution of GHG emission from fossil fuel). More focused and 
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transparent research is needed to validate these patterns and develop a strong science underpinning for estab- 
lishing policies and governance agreements that prevent/mitigate negative and promote positive impacts 


from bioenergy production. 
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Introduction 


During the last decades, developed and developing 
countries have introduced policies to encourage the use 
of bioenergy including i.a. the Brazilian National Alco- 
hol Program (ProAlcool), the US Renewable Fuel Stan- 
dard (RFS), the EU's Renewable Energy Directive 
(RED), the Alternative Energy Development Plan 
(AEDP) in Thailand, and the Indian National Policy on 
Biofuels (Sorda et al., 2010). The promotion of bioenergy 
as a climate change mitigation measure has sparked a 
intensive discussion concerning potential impacts on 
sustainable development. Commonly mentioned posi- 
tive impacts focus on opportunities for new uses of 
land, economic growth, climate change mitigation, 
increased energy security and employment (Smeets 
et al., 2007; Nijsen et al., 2012; Mendes Souza etal., 
2015). On the other hand, there are concerns about 
potential disruption to food security and rural liveli- 
hoods, direct and indirect greenhouse gas (GHG) emis- 
sions from land use change, enhanced water scarcity, 
ecological impacts, increased rural poverty, and dis- 
placement of small-scale farmers, pastoralists and forest 
users (Dauvergne & Neville, 2010; Delucchi, 2010; Ger- 
man etal., 2011; Gamborg ef al., 2014; Hejazi et al., 
2015). 

How bioenergy interacts with sustainable develop- 
ment has become a key scientific question as demand 
for bioenergy increases globally. The recent Intergovern- 
mental Panel on Climate Change (IPCC) Working 
Group III contribution to the Fifth Assessment Report 
(WGIII AR5) highlights the relationship between context 
conditions, the use of bioenergy as a mitigation option 
and the impacts on sustainable development. Dis- 
cussing impacts of bioenergy on sustainable develop- 
ment, the IPCC WGIII AR5 concludes that 7". He nature 
and extent of the impacts of implementing bioenergy depend 
on the specific system, the development context, and on the 
size of the intervention' (Smith et al., 2014). 

Different case studies have documented that expand- 
ing production of the crops most commonly used to pro- 
duce bioenergy can affect local incomes, food security, 
land tenure or health in positive and negative ways and 
that the outcomes of bioenergy production can be 
unequally distributed (Tilman et al., 2009; Persson, 2014). 
Model-based assessments have tried to integrate sustain- 


ability considerations, pointing out likely interactions 
between bioenergy and food prices as well as biodiversity 
and water use(Popp et al., 2011; Lotze-Campen et al., 
2014; Scharlemann & Laurence, 2014). However, the 
effects of bioenergy on livelihoods and the role of gover- 
nance agreements in promoting or mitigating specific 
types of impact have not yet been included in modelling 
exercises (Ackerman et al., 2009; Lubowski & Rose, 2013; 
Creutzig et al., 2014; Smith et al., 2014). Furthermore, pre- 
vious studies have concluded that more clarity about the 
relationships between bioenergy production, livelihoods 
and equity is still needed (Creutzig et al., 2013; Hodbod & 
Tomei, 2013; Hunsberger et al., 2014). 

In the light of the urgent need for action on climate 
change (IPCC, 2014), persistent economic and social 
inequalities, and intensifying competition for land 
(Lambin & Meyfroidt, 2011; Haberl, 2015), there is a 
need for science-based policymaking with respect to the 
impacts of bioenergy on sustainable development. We 
have examined the scientific evidence base for such pol- 
icymaking in a comprehensive systematic review using 
the scientific literature produced in the time period cov- 
ered by the IPCC Fifth Assessment Report. 


Methodology for reviewing impacts of bioenergy 
production on sustainable development 


The aim of this systematic review was to analyse the state of 
knowledge about how the production of bioenergy resources 
affects sustainable development. This is a key for understand- 
ing to what extent the existent knowledge can provide advice 
for policymakers. The systematic review focuses on the follow- 
ing impact categories: social, economic, institutional, environ- 
mental and technological (including food security and human 
health as social). The review is based on the assumption that if 
production of a bioenergy resource impacts any of the focus 
categories, it also impacts sustainable development. Thus, ana- 
lysing the reported impacts on these focus categories will facili- 
tate an overview of the state of knowledge regarding the 
impacts from bioenergy production on sustainable develop- 
ment. 

We followed the steps included in the methodological guid- 
ance for systematic reviews by (Petticrew & Roberts, 2008; 
Bartolucci & Hillegass, 2010). The review protocol that served 
as methodological basis included five steps: (i) definition of 
scope and aims, (ii) research questions, (iii) search for and 
selection of evidence, (iv) quality appraisal and (v) data extrac- 
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tion and synthesis (see detailed protocol of the systematic 
review in the supplementary material). 

We investigated to what extent the scientific community 
has answered the following questions which are of high inter- 
est in various contexts, including policy, in which decisions 
on future implementation of bioenergy are decided upon: 
Where do sustainable development impacts from bioenergy 
production take place? What is the evidence for the purported 
impacts? How are impacts attributed and measured? Are 
there certain context conditions that enable the observed 
impacts? Are the reported impacts specific to particular bio- 
mass resources? These questions were motivated by the dis- 
cussions addressed in AR5, WGIII (Smith et al., 2014; annex 
on bioenergy). Although the AR5 considers impacts on sus- 
tainable development, it does not provide a geographically 
differentiated analysis or an understanding of the relation 
between context conditions and impacts. Several authors (Bus- 
tamante et al., 2014; Creutzig et al., 2014; Smith et al., 2014; 
von Stechow et aL, 2015) explicitly highlight the need for 
improving the understanding of regional distribution of miti- 
gation impacts on sustainable development, disaggregating by 
technologies and bioenergy inputs and under consideration of 
context conditions. The aim of this article was to make a first 
step in this direction through a stringent systematic review. 

We used the same time frame for scientific publications as 
the Fifth IPCC Assessment report (AR5) (see supplementary 
information for the selection criteria and process) and went 
into a far more detailed analysis with regard to the questions 
reported above. 

The ARS defines bioenergy as ‘energy derived from any form 
of biomass such as recently living organisms or their metabolic by- 
products’ (Allwood et al., 2014). We include nine biomass 
resources in the review: forest residues, unutilized forest 
growth, dedicated biomass forest plantations, combined for- 
est sources, agriculture residues, dedicated biomass agricul- 
tural plantations, organic waste, combined agricultural 
resources and combined forest and agricultural resources 
(see protocol in the supplementary information for specific 
definition of each biomass resource) As the focus of the 
research was to understand the impacts from production and 
collection of these biomass resources on development, we 
did not distinguish the technologies used for producing 
bioenergy from biomass (ie. first or second generation) but 
considered the demand that both technologies can create on 
biomass resources. 

We acknowledge that there is no general agreement on how 
to measure impacts on sustainable development (Sneddon 
et al., 2006; Muys, 2013). Thus, we based the systematic review 
on the development impacts as outlined in the Agriculture, 
Forestry and Other Land Use (AFOLU) chapter of the IPCC 
WGIII AR5 (Smith et al., 2014). We considered a set of 33 
potential impacts on sustainable development structured into 
five impact categories: institutional, social and health-related, 
environmental, economic and technological (see Tables $3 and 
S4). We assumed that if production of a bioenergy resource 
affects any of these impact categories, it also affects sustainable 
development. Thus, analysing the reported impacts in a sys- 
tematic manner provides an overview of the state of knowl- 


edge regarding how bioenergy production affects sustainable 
development as defined above. 


Selection of studies and data extraction 


The selection process was carried out in three steps: definition 
of search criteria, a search in two scientific collections and a 
quality appraisal. For the search criteria, we included thirty 
inclusion criteria covering all five development categories and 
two further criteria on bioenergy forms for a set of sixty inclu- 
sion criteria combinations; and we included 12 exclusion crite- 
ria (see 'article selection and data extraction' in the protocol 
included in the supplementary information for further details). 
We further refined the selection using 31 categories of Web of 
Science, including 12 research areas. We limited the search to 
articles in English. The search was conducted in the Web of 
Science and in Science Direct including all their databases. This 
procedure yielded a wide and inclusive sample of 1175 articles 
covering all five development categories. For the quality 
appraisal, we randomly selected a subset of articles (n = 873 or 
74.396 of the original sample), which makes the subsample rep- 
resentative. Only 541 of these passed the quality appraisal (cri- 
teria and procedure for the appraisal is clarified in the 'quality 
appraisal' section in the protocol included in the supplemen- 
tary information). A total of 408 articles of the 541 (75.4%) were 
randomly included in the data extraction, and the research 
team carefully reviewed all articles. During the data extraction, 
we removed 92 articles because none of the 33 potential 
impacts included in our list were discussed, although they did 
discuss issues belonging to the five categories (that explains 
why these articles passed the quality appraisal) Thus, the 
results presented below are based on the analysis of the 
detailed data extracted from 316 original research articles that 
discuss at least one of the 33 impacts included. 


Data analysis 


We analysed the data in three steps: (i) characterization of the 
study, (ii) consideration of the context conditions in the area of 
the study and (iii) reported impacts. Exploratory data analysis 
revealed a vast heterogeneity of how data were gathered, 
impacts attributed and results reported in the 316 analysed arti- 
cles (see detailed counting of results in the supplementary 
information, file impacts trees). This heterogeneity combined 
with the number of variables mostly precluded the use of 
sophisticated statistical analysis methods, and our analysis is 
mainly based on descriptive tables and cross-tabulations, com- 
bining data from all three steps. The statistical significance of 
potentially interesting relations between context conditions and 
impacts was analysed using Fisher tests (R Core Team, 2014). 


Results 


Almost half of the articles in the systematic review 
analyse impacts from dedicated biomass plantations 
(agriculture and forestry), while few articles examine 
the sustainable development impacts from using agri- 
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cultural or forestry residues (4 and 6%, respectively), or 
organic waste (2.5%) (see Table S10). Although several 
studies report that the use of organic waste as bioenergy 
feedstock can be associated with positive or low nega- 
tive impacts, and hence considered an attractive bioen- 
ergy resource (Gregg & Smith, 2010; Haberl et al., 2011; 
Odlare et al., 2011), but the evidence in our review is 
insufficient to object or support this proposition as too 
few studies analyse this resource. 


Different places, different state of knowledge 


Our results show an uneven geographical distribution 
of the studies, with most articles focusing on developed 
regions: 26.7% on Europe and 26.3% on North America; 
compared to only 13.1% on Asia, 8.2% on Africa, 7.8% 
on Latin America (Central and South America), 2.296 on 
Oceania; 15.7% of the studies conduct global analyses 
(Fig. 2, Table S11). This distribution contrasts with the 
share of annual plant biomass production (approxi- 
mated through Net Primary Production or NPP) of 
these regions: 16% in Europe, 12% in North America, 
19% in Asia, 20% in Africa, 26% in Latin America and 
6% in Oceania (Krausmann et al., 2013). Although a 
multitude of socioeconomic and natural factors influ- 
ences any region's technical or economic bioenergy 
potential, we consider NPP a useful proxy for its bio- 
physical suitability for biomass production (Haberl 
et al., 2013). Modelling and empirical data suggest that 
current NPP levels may underestimate achievable pro- 
ductivities in human-managed systems (DeLucia et al., 
2014), but should be viewed in the perspective of scales 
of cultivation required for bioenergy to make an impor- 
tant contribution to the future energy supply and also 
possible ecological impacts of high-input cultivation 
systems (Haberl, 2016). 

Table 1 is divided into three categories of countries: 
(i) well-studied key countries, (section A in Table 1); (ii) 
potentially relevant but understudied countries, that is, 
countries with high NPP but few, if any, studies (section 
B in Table 1); and (iii) relatively overstudied countries, 
that is, countries with low NPP and hence a relatively 
minor global contribution to the global bioenergy poten- 
tial but nevertheless with many studies associated with 
them (section C in Table 1). 

The small share of studies considering impacts on 
sustainability in developing regions is surprising, as 
studies assessing global bioenergy potential commonly 
point to some of the countries in section B as possible 
large future suppliers of biomass and biofuels (Hoog- 
wijk et al., 2009; Smeets & Faaij, 2010; Beringer et al., 
2011; Haberl et al., 2011; Nijsen et al., 2012). For exam- 
ple, in Latin America, only Brazil (contributing 26 
cases or 74% to the studies in countries of this region) 


Table 1 Relation of studies and NPP values 


% of 
No. of global Rank no. Rank 


Country studies NPP studies NPP 


A. Countries with more than 1 study and more than 1% of 


global NPP 
United States 80 6.50 1 3 
Brazil 25 12.10 2 1 
China 13 5.60 4 5 
India 13 2.30 5 10 
Canada 9 6.00 10 4 
Indonesia 9 3.20 12 8 
United Republic 8 1.10 14 19 
of Tanzania 
Australia 7 4.90 15 6 
B. Countries with <5 studies and more than 1% of global NPP 
Russian Federation 3 11.30 27 2 
Argentina 3 2.40 23 9 
Dem. Rep. of the Congo 0 3.70 98 7 
Colombia 0 1.90 89 11 
Peru 1 1.60 51 12 
Angola 0 1.50 65 13 
Mexico 1 1.50 48 14 
Venezuela 0 1.50 209 15 
Bolivia 0 1.40 78 16 
Sudan 0 1530 192 17 
Kazakhstan 0 120 181 18 
C. Countries with 5 or more studies and <1% of global NPP 
Italy 14 0.24 3 63 
Sweden 13 0.36 6 50 
United Kingdom 12 0.23 7 65 
Malaysia 10 0.56 8 32 
South Africa 10 0.63 9 28 
Germany 9 0.37 11 46 
Thailand 9 0.51 13 35 
Mozambique 6 0.91 16 22 
Austria 5 0.08 17 97 
Belgium 5 0.04 18 125 
Spain 5 0.37 19 48 
Denmark 4 0.05 20 119 
France 4 0.58 21 31 
the Netherlands 4 0.04 22 123 


Net primary production (NPP) values calculated based on 
Haberl et al., (2011). For this table, we counted studies special- 
ized in one country and studies looking at multiple countries, 
which are considered otherwise as global or regional studies. 
‘Studies’ refers to the articles included in this systematic 
review. 


emerges as a focal point of the scientific literature, 
while the number of country-specific studies in other 
countries is small (three studies in Argentina and one 
study each in Costa Rica, Ecuador, Guatemala, Mexico 
and Peru). Hence, of the 20 countries in Latin Amer- 
ica, only one country with a large NPP is well-stu- 
died, whereas six countries are under-studied despite 
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North America (2096) 


Latin America 


Global (16%) 


Europe (20%) 


MSE Institutional impacts 
E Social impacts 

E Environmental impacts 
^ — Economic impacts 

E Technological impacts 


Fig 1 Regional distribution of the analysed impacts, reported as fraction of impacts within each category of all impacts analysed in 
each region. Percentage numbers after the region's name indicate the share of this region in the total of impacts considered and deter- 
mine the size of the circle. Percentage numbers in the pies indicate the share of impacts each category contributes to the total number 
of impacts reported in the respective region. For all regions, the most reported social impact is food security; all other social impacts 
follow far behind. The outline map is from http:/ /www.zonu.com/images/0X0/2009-11-05-10853/World-outline-map.png. 


their large potential. Extrapolations of impacts from 
the local/national to the regional level are thus not 
yet possible. 

When looking at which impacts have been considered 
and where, our results show that most regions focus on the 
environmental and economic categories and barely con- 
sider social impacts with the exception of food security 
(see Fig. 1 and Table 2). Only studies focusing on Asia and 
Africa show a more balanced interest across categories. 


Only a small number of impacts have been studied across 
regions 


Beyond the impact categories, we further analysed 
which specific impacts were most frequently considered 
in each region (see Table 3). Studies at the global level 
focus on impacts on displacement of activities, on defor- 
estation or forest degradation, on soil and water, on 
food security and on GHG emissions. To a lesser extent, 


but nevertheless important, global studies look at mar- 
ket opportunities, feedstock prices and technology 
development and transfer. 

The regional distribution of the interest in specific 
impacts is uneven. In North America (mainly USA), 
impacts from the environmental category are included 
among the seven most frequent followed by impacts on 
prices of feedstock and on market opportunities from 
the economic category. The three most frequently anal- 
ysed impacts in Europe and Latin America (mainly Bra- 
zil) are those on displacement of activities, on soil and 
water and on direct substitution of GHG emissions from 
fossil fuels. Studies from Oceania only consider six 
impacts: four of them in the environmental category 
with the most frequently analysed being impacts on soil 
and water. 

The distribution of analysed impacts in Africa and Asia 
is more balanced. Most of the impacts have been consid- 
ered in these two regions, suggesting a better engagement 
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with the complexity of understanding sustainability 
impacts or an expectation that social impacts are rela- 
tively more important in these regions. The five impacts 
most often considered in Africa are impacts on food secu- 
rity, on energy independence, on economic activity, on 
employment and on poverty (in this order). In this region, 
impacts on land tenure, on women and on capacity building, 
are considered more often than in other regions. The five 
impacts most frequently considered in Asia are those on 
food security, on economic activity, on soil and water, on 
displacement of activities and on employment. 


Unbalanced understanding about impacts on sustainable 
development 


The perspective of whether impacts are positive, nega- 
tive or neutral is also uneven across regions. Our analy- 
sis of a selection of impacts shows that mostly negative 
impacts are reported in Latin America and at the global 
level, while the other regions show a more balanced pic- 
ture (see Tables 3). The more detailed analysis pre- 
sented below shows interesting differences in the 
importance given to each category and on where speci- 
fic impacts were assessed as positive or negative. 
Institutional impacts are included in over 30% of the 
articles (see Table 2). Within this impact category, energy 
independence is the most frequently studied impact 


across regions, especially in Europe and Africa, and bio- 
fuel deployment is reported mostly as having a positive 
impact on it. Other impacts in this category such as 
cross-sectorial coordination show mixed results for all 
regions, while land tenure was reported as negatively 
impacted in Africa, Asia and Latin America. 

Social impacts are considered in over 30% of all stud- 
ies, with food security being the most frequently 
addressed impact in this category (over 25% of the total 
studies and almost 75% of the articles considering social 
impacts). We undertook a detailed analysis of food 
security because it has been mentioned as one major 
concern for promoting deployment of bioenergy. Nega- 
tive impacts on food security were reported twice as 
often as positive impacts. For all regions, impacts on 
food security are reported more often as negative than 
as positive, except in Africa where an equal number of 
studies report impacts as positive, negative or neutral 
(see Fig. 2 and Table 3). 

In addition, we found that at the global level, the 
more often models are used for analysing impacts on 
food security, the higher the frequency of negative 
impacts (see Fig. 2). Although the small number of 
studies does not provide statistic robustness, this find- 
ing suggests a difference in the way impacts on food 
security are modelled or measured at the global level. 


Food security (81) 


N 


Ss GC Central and gw Ms North 
South re (10) kra 
)-(4) + (5) Ab n (6)-(8) + (3) n/a (1) n(2)-(6)* (1) n(5)-(5 n(2)-(12)* (1)n n (2)-(9) * (2) 
Meas. Ex 2s 3s 0 6 1 d 1 4 1 3 1 0 i 1 is 1 4 0 
Mixed 0 1 0 1 2 0 1 0 1 1 0 1 2 0 0 0 0 0 1 1 
Model 1 0 2 0 4 2 1 1 0 1 0 1 2 0 8 0 2 1 4 1 
n/a 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 


Fig 2 Impacts tree regarding food security. The blue arrows show the geographical distribution of the impacts on food security per 
regions as considered in the studies. In this case, there were no studies considering food security in Oceania. The first line indicates 
the number of positive (marked in green), negative (marked in red) or neutral impacts (marked in black). When the article did not 
specify the qualification of the impact, we considered it as nonavailable (n/a, marked in grey). From the second line downwards, we 
present how these impacts were identified, either using measurements, models or a combination (mixed). When the method was not 
clear in the article, we defined it as nonavailable (n/a). Impact trees for all other impacts considered in this systematic review are 
included in the supplementary information. 
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Fig 3 Geographical distribution of studies differentiating 
between studies considering or not considering context condi- 
tions. Solid colours indicate the number of studies with fully or 
partially matching context conditions. Transparent colours indi- 
cate the number of studies where context conditions were either 
not mentioned or do not correspond to the impact categories. 


Other key social impacts — including gender and 
intragenerational impacts, social conflicts, displacement 
of farmers and impacts on traditional or indigenous 
practices — are insufficiently studied in all regions and 
practically not considered in global studies. 

The environmental impact category is the most fre- 
quently considered category by the studies in the sam- 
ple (over 70% of the total articles in the review, see 
Table 2), and each individual impact is addressed by at 
least a quarter of the studies. Across regions, all impacts 
in this category are reported as mostly negative or neu- 
tral, with the exception of direct substitution of GHG emis- 
sions from fossil fuels, which is considered positive or 
neutral in all geographical contexts. It is important to 
note, however, that over 65% of the studies used models 
for attributing direct substitution of GHG emissions 
from fossil fuels, and only 20% of these combined mod- 
els with case study measurements. Thus, the qualifica- 
tion of this impact is highly dependent on the system 
boundaries and attribution criteria used. Negative 
impacts on the displacement of activities or other land uses 
are more frequently reported in Latin America, North 
America, Europe and at the global level (see Table 3). In 
Asia, slightly more positive impacts are reported com- 
pared to other regions. 

Impacts on biodiversity are predominately reported as 
negative or neutral (see Table 3), except in a few studies 
from Europe and North America, whereas impacts on 
deforestation or forest degradation seem to be more nega- 
tive for Latin America and at the global level. Further, 
impacts from the use of fertilizers on soil and water are 
reported as negative for Europe, North and Latin Amer- 
ica, where these account for the majority of studies 
addressing this issue. 

Economic impacts are considered in over half of all 
articles (see Table 2) and were predominantly positive 


for most impacts assessed in this category. Positive 
effects on market opportunities are noticeably reported in 
studies for North America and Europe (see Table 3), 
whereas positive effects on economic activity were more 
frequently reported in Africa and Asia. Impacts on 
prices of feedstock show mixed results for all regions. As 
for other impacts where modelling was used far more 
often than case study measurements, the positive or 
negative character of the economic impacts category 
needs more analysis considering the system boundaries 
and attribution criteria used. 

Over 20% of all articles consider technological impacts 
(see Table 2). Technology development and transfer is the 
most frequently considered impact, followed distantly 
by impacts on labour demand, infrastructure coverage and 
access to infrastructure. Impacts on technology develop- 
ment and transfer are seen mostly as positive in all 
regions with only two studies reporting negative 
impacts: one from Africa and one at the global level (see 
Table 3). 


How context conditions influence development outcomes 
remains unclear 


We analysed how impacts have been attributed by 
examining whether context conditions were explicitly 
reported. Context conditions describe the situation in 
the absence of additional biomass production and use 
for energy. Insight into these conditions is necessary for 
establishing a baseline or reference scenario and/or for 
attributing impacts on sustainable development from 
bioenergy production in a transparent manner. The sys- 
tematic review includes 31 possible conditions that can 
describe the context in relation to the five impact cate- 
gories (see supplementary information for a complete 
list of context conditions). We first analysed the extent 
to which impacts reported in the articles match to the 
corresponding context conditions at the level of cate- 
gory (i.e. whether context conditions were reported for 
those categories where impacts were identified). 

The analysis shows that only 13.676 of the articles com- 
prehensively describe the context conditions against the 
category of the reported impacts, whereas 23% do not 
report context conditions at all. For the remainder, condi- 
tions were partially or fully mismatched (i.e. context con- 
ditions are described but not for the category of impacts 
reported). This lack of clarity of the context conditions 
applies to articles dealing with developed and develop- 
ing countries, as well as global analyses. However, we 
found that studies analysing bioenergy production in 
developing countries report context conditions more 
often than studies on Europe, North America or those 
with a global scope (see Fig. 3). The lack of information 
applies across all reported impacts. For instance, from 
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Fig 4 Impacts of bioenergy on food security related to the context conditions considered in this review. Y axis refers to number of 
articles, and X axis refers to context conditions following the numbering below. Dark grey shows the impacts attributed to dedicated 
agricultural crops, and hell grey indicates impacts attributed to any other biomass resource. Numbers in axis x numbering: (1) general 
conditions described. Institutional conditions: (2) the majority of households have access to energy; (3) land tenure clarified; (4) land- 
scape management plan exists; (5) landscape policies exist and are enforced; (6) participation mechanisms are in place; (7) mecha- 
nisms for sectorial coordination are in place; (8) existing and enforced labour rights legislation; social conditions: (9) existing deficit in 
food access and/or supply; (10) existing social conflicts; (11) population growth is expected; (12) awareness about indigenous knowl- 
edge; (13) existing social networks/stakeholder organizations; (14) high average human capacity and skills; (15) low average human 
capacity skills; (16) equity mechanisms are in place; (17) social inequity reported as existing before bioenergy production; natural con- 
ditions: (18) land is available for people living in the area; (19) water for agriculture/forestry is available for people living in the area; 
(20) drinking water is available to people living in the area; (21) land (use) competition previous any intervention is reported in the 
article; (22) air quality is reported as good; (23) high biodiversity index. Economic conditions: (24) availability of capital; (25) existing 
crediting mechanisms; (26) sharing mechanisms of economic benefits in place; conditions related to technology and infrastructure: 
(27) traditional technologies; (28) modern (industrial) technologies; (29) combination of modern and industrial technologies; (30) tech- 
nology is available to major local stakeholders; (31) mechanisms for technology development and/or transfer given. 
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those articles quantifying impacts on food security, only 
3596 provide context conditions in the corresponding 
social category; concerning GHG emissions only 12% of 
articles provide corresponding baseline conditions. We 
recognize that for some standardized methodologies 
(e.g. LCA), and for most models, certain assumptions 
regarding context conditions are embedded in the proce- 


dures used. However, when they are not reported and/ 
or validated, which is often the case, it remains unclear 
how impacts were attributed. 

We undertook a deeper analysis of the relationship 
between context conditions and several specific impacts. 
Initially, we conducted a descriptive analysis of impacts 
on food security, which is the most frequently reported 
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Table 4 Combinations of conditions and impacts with P-value below 5% in the Fisher test 


Impact Condition 


Combination condition/impact 
P-value 


(Fisher test) Yes/+ Yes/— Yes/n No/* No/- No/n 


Food security or food 
production (negative if 

reduced or positive if improved) 
Conflicts or social tension 


Existing deficit in food 
access and/or supply 


Existing deficit in food 
access and/or supply 
Sharing mechanisms of 
economic benefits in place 


Direct substitution of GHG 
emissions reductions 

from fossil fuels 

Prices of feedstock 
Employment (being employment Mechanisms for sectorial 
creation (+) or coordination are in place 
employment reduction (—)) 


Modern (industrial) technologies 


0.00154111 2 20 3 3 1 4 
0.02222222 7 1 2 0 0 1 
0.03571429 0 2 0 6 0 0 
0.04449388 11 4 13 1 2 0 
0.04545455 7 0 0 2 1 2 


Table 5 Regional distribution of relevant condition-impact combinations 


‘Existing deficit in Food access’ and ‘Food security’ 


‘Sharing mechanisms in place’ and ‘Direct substitution 
of GHG emissions reductions’ 


Region/ 

Combination Yes/+ Yes/— Yes/n No/+ No/- No/n Total Yes/+ Yes/— Yes/n No/+ No/- No/n Total 
Africa 1 2 2 1 0 0 6 0 0 0 0 0 0 0 
Asia 1 6 1 0 0 2 10 0 0 0 2 0 0 2 
Europe 0 2 0 0 0 1 3 0 0 0 1 0 0 1 
North America 0 4 0 1 1 0 6 0 0 0 2 0 0 2 
Oceania 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Latin America 0 1 0 1 0 1 9 0 2 0 0 0 0 2 
Global 0 5 0 0 0 0 5 0 0 0 1 0 0 1 
Total 2 20 3 3 1 4 33 0 2 0 6 0 0 8 


social impact, to determine whether it is possible to 
establish the context conditions that trigger positive or 
negative impacts on food security. About 80% of the arti- 
cles mentioning impacts on food security include some 
description of the context conditions. We found that in 
articles reporting impact on food security, most context 
conditions are considered at least once (see Fig. 4) and 
that no particular context condition clearly stands out in 
relation to either positive or negative impacts (e.g. condi- 
tions that are most frequent in the food security analysis, 
such as the use of modern technologies, show up both 
for negative and positive impacts). 

The general lack of correlation between context condi- 
tions and impact sign is also reflected in the P-values of 
Fisher tests, which we applied to all 1023 combinations 
of context conditions and impacts to check the influence 
of a particular context condition given or not given on the 
counts of impact signs. Table 4 displays that only 5 com- 
binations have a P-value below 5% and reports their cor- 
responding numbers of condition-impact combinations. 

The Fisher test indicates whether the counts of impact 
signs in case of condition being ‘yes’ differ significantly 
from the counts of impact signs when the condition is 


^no'. Thus, a low P-value does not represent strong evi- 
dence that the condition has an influence on the impact. 
This influence can only be postulated if the combination 
of conditions and impact also suggests its existence and 
direction. This is the case for only two combinations: 

* Combination 1: context condition 'existing deficits in 
food access and/or food security’ and impact on 
‘food security’: when the context condition ‘existing 
deficits in food access and/or supply’ is given, then 
biomass production for bioenergy is almost exclu- 
sively reported to have a negative impact on food 
security. Studies reporting the absence of these defi- 
cits, on the other hand, report either a positive or a 
neutral impact on food security. 


* Combination 2: context condition ‘benefit sharing 
mechanism for economic benefits are in place' and 
impact on 'direct substitution of GHG emissions from 
fossil fuels': the impact on direct substitution of GHG 
emissions from fossil fuel is largely positive when no 
benefit-sharing mechanism for economic benefits is 
in place, while the presence of such mechanisms 
exclusively leads to this impact being negative. 


© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd, doi: 10.1111/gcbb.12338 


12 C. ROBLEDO-ABAD et al. 


For the other three combinations in Table 4, the number 
of impacts is very small if the condition is answered with 
^no' and the distribution of impacts (positive, negative or 
neutral) is ambiguous. Thus, even if the condition being 
'yes' suggests a positive impact sign in two of these cases, it 
is not known whether these conditions really influence the 
corresponding impacts. 

The regional analysis for the two combinations that in 
total suggest a correlation between condition and 
impact are displayed in Table 5. Fisher tests showed no 
significant difference between ‘yes’ and ‘no’ answers for 
any region. 


Patterns in the distribution of positive and negative 
impacts 


The results show some general patterns that are worth 
highlighting (see especially Figs 2-4 and Table 3). 
Impacts on some economic and technological categories 
are persistently positive across studies and regions. 
Within these categories impacts on energy indepen- 
dence, direct substitution of GHG emissions from fossil 
fuels, market opportunities, economic activity and diver- 
sification, employment as well as different technological 
categories is far most often reported as positive. In con- 
trast, most impacts in the social and environmental cate- 
gories are reported largely as having negative impacts, 
especially on land tenure, food security, displacement of 
other activities, biodiversity loss, and conflict and social 
tension. These patterns indicate an important trade-off: 
that bioenergy projects may generate positive economic 
impacts but negative environmental and social impacts. 
The incomplete information on context conditions 
(Fig. 3 and statistical analysis) makes it difficult to say 
anything conclusively across studies on what are the 
most relevant conditions triggering any specific impact. 
Yet, previous work has pointed to some reasons worth 
highlighting, notably that government institutions in 
countries targeted for bioenergy production often face 
severe constraints in implementing public policies and 
regulations intended to protect, for instance, land rights 
and food security (Ravnborg et al., 2013; Larsen et al., 
2014). This is reinforced by our findings on context con- 
ditions related to food security and to some extent by 
the participation of governance-related conditions high- 
lighted through the Fisher Test. It is also worth noting 
that because climate change mitigation has been an 
important motivator for promoting bioenergy, it has 
been a higher research priority than other goals such as 
those related to biodiversity or land tenure. The latest 
IPCC Assessment Report made a great advance in 
including ethics and sustainable development in its 
considerations and paves the way for a more systemic 
research approach towards understanding development 


impacts from bioenergy production. More research is 
needed in the future to develop this approach, given the 
knowledge gaps identified in this review. 


Conclusions and outlook 


Understanding the impacts of bioenergy production on 
sustainable development has been an important 
research topic in recent years, but its coverage is 
uneven, both in terms of geographical coverage, feed- 
stocks considered, and in the categories of impacts con- 
sidered. Furthermore, results are hardly comparable 
because context conditions and attribution criteria are 
not properly reported in the majority of the studies. 

In the following, we present our conclusions about 
the research questions in this review. 


Where do sustainable development impacts from bioenergy 
production take place? 


Geographically, we identified three distinct groups of 
countries, based on NPP as a proxy for biophysical bio- 
mass production potential, for considering bioenergy 
deployment in a given country. In the first group, we 
find countries with a high biophysical potential and a 
reasonable number of studies. These studies give good 
information about environmental and economic impacts, 
showing a tendency towards positive impacts from 
bioenergy production on direct substitution of GHG 
emissions from fossil fuels, market creation, technology 
development and transfer. However, social, institutional 
and technological impacts remain uncertain because 
they were far less often considered. The second group 
comprises countries with a high NPP but very few stud- 
ies. Most of these are developing countries where there 
is a need for better understanding of possible sustainable 
development impacts of bioenergy implementation. For 
countries in this group, more research is needed to pro- 
vide robust information for policymaking and gover- 
nance agreements. The third group comprises countries 
with a relatively smaller NPP but many studies. This 
group consists mainly of developed countries and les- 
sons on methodological issues from these studies can be 
used for future research in understudied countries. 


What is the evidence for the purported impacts and how 
are impacts attributed and measured? 


There is a lack of systematic reporting on criteria for 
attributing impacts. Despite the existing discussion on 
attribution of specific methodologies (e.g. Finkbeiner, 
2013; Munoz et al., 2015 on attribution of indirect land 
use change in LCA), this omission in the studies makes 
it impossible to pursue a consistent comparison of 
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results. We found that the environmental and economic 
impact categories were more thoroughly studied, 
whereas far less is known about how bioenergy produc- 
tion will affect the social and institutional categories of 
sustainable development. Institutional and social impact 
categories are better considered in country-level studies 
than in global studies. Although there is an apparent 
indication of trade-offs between positive impacts on the 
economic category and negative impacts on the environ- 
mental and social categories, more clarity about what 
triggers the trade-offs could not be achieved due to the 
noncomparability of the results across the studies (lack 
of attribution criteria) and to the lack of information on 
context conditions in the majority of the studies. 


Are there certain context conditions that enable the 
observed impacts? 


We found that there is a gap on reporting the specific 
context conditions prior to any intervention aimed at 
producing biomass for bioenergy, with less than 15% of 
the studies providing a comprehensive presentation of 
the context conditions in the category on which they 
attributed impacts. The lack of consistency in reporting 
context conditions and their relation to the reported 
impacts prevents clear and definitive conclusions on 
how the context affects the development outcome. Pre- 
vious assessments have highlighted the need for 'good 
governance' as a condition required for promoting posi- 
tive impacts of bioenergy production (Creutzig et al., 
2014; Hunsberger et al., 2014; Smith et al., 2014). The 
reported negative impacts on land tenure, food security 
and food production, or other social and institutional 
aspects bear witness that bioenergy deployment can 
result in undesirable consequences and on the impor- 
tance of understanding the context conditions, espe- 
cially existing governance of natural resources. 


Are the reported impacts specific to particular biomass 
resources? 


We found a concentration of studies dealing with dedi- 
cated biomass production, especially agricultural planta- 
tions. Other biomass resources have been less studied, 
and the use of waste as bioenergy feedstock has not 
received much systematic scrutiny. We conclude that 
analytical frameworks and methods that facilitate the 
analysis at a higher level of complexity, that is, includ- 
ing more categories or allowing aggregation from 
various studies, are still needed. Such frameworks need 
to ask for the inclusion and reporting of context 
conditions, explicitly and transparently, so that context- 
dependent differences can be identified. Future empiri- 
cal research, especially case studies, should aim to 


inform about the most effective governance arrange- 
ments — and identify situations where governance agree- 
ments have insufficient capacity to guarantee that 
bioenergy deployment consider international due dili- 
gence standards. 

It is opportune to interpret our results in the context 
of the recent IPCC assessment of climate change. The 
IPCC author team concluded that: 


One strand of literature highlights that bioenergy could 
contribute significantly to mitigating global GHG emis- 
sions via displacing fossil fuels, better management of 
natural resources, and possibly by deploying BECCS. 
Another strand of literature points to abundant risks in 
the large-scale development of bioenergy mainly from 
dedicated energy crops and particularly in reducing the 
land carbon stock, potentially resulting in net increases 
in GHG emissions (Smith et al., 2014) 


One interpretation of this divergence is that the first 
strand of literature emphasizes technological opportuni- 
ties, such as yield increases, to reduce land use impact, 
and reap economic opportunities, while the other strand 
of literature investigates environmental dimensions 
under risk of being harmed (Creutzig, 2014). The grow- 
ing literature exploring sustainable landscape manage- 
ment systems for the provision of biomass and other 
ecosystem services might gradually come to bridge the 
gap between these two strands of literature. Not the 
least, the integration of bioenergy systems into agricul- 
ture landscapes has been recognized as a promising 
option for addressing environmental impacts associated 
with current agriculture systems (Clarke et al., 2014; 
Edenhofer et al., 2014; Smith et al., 2014). 

The IPCC report annex on bioenergy also points out 
that environmental, social and economic consequences of 
bioenergy deployment are site specific, but remains 
inconclusive on weighting the consequences across case 
studies. This review goes beyond the IPCC assessment in 
providing a comprehensive meta-analysis, demonstrat- 
ing that case studies evaluated so far tend to see increased 
economic and employment opportunities, GHG savings 
from fossil fuel displacement, and infrastructure develop- 
ment, but also risks related to land use change, in particu- 
lar GHG emissions, food security, soil and water quality, 
biodiversity, and socially problematic outcomes. 

Since the publication of the latest IPCC assessment 
report, further research on bioenergy has been pub- 
lished, which is in line with the main conclusions of our 
systematic review. The screening of this literature 
suggests that case studies mostly emphasize GHG 
emissions metrics and economic performance (e.g. 
(García et al., 2015; Mandaloufas et al., 2015)) and Dale 
et al. (2015) point out the importance of appropriate 
sustainability criteria and indicators. This observation 
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suggests that the systematic bias observed in our survey 
of case studies can be interpreted as showing that social 
dimensions have been assigned a lower priority by 
scientists and policy processes than some environmental 
and economic dimensions. 

There are limitations to the systematic review pre- 
sented in this article. First, the complexity of the subject 
of analysis, such as the high number of potential inter- 
actions within the system boundaries and the lack of 
inclusion of criteria for analysing trans-boundary 
impacts or trade-offs between specific criteria and scale 
of the impacts, renders results of models and case stud- 
ies partially inconclusive and subject to a priori values of 
investigators (Tribe et al., 1976). Second, most results in both 
cases depend on attributional accounting, which has been 
argued to be possibly misleading, while consequential 
accounting, being subject to higher uncertainties, might pro- 
vide more policy-relevant information. This is especially rel- 
evant for studies using LCA methods (Brandao et al., 2013; 
Hertwich, 2014; Plevin et al., 2014a,b). Third, we focused on 
studies published in English only. These limitations should 
be considered in future studies and analysed using comple- 
mentary assessment methods. 

Overall, we find that comparatively assessing the 
impacts of bioenergy production on sustainable develop- 
ment using the available scientific literature is a consider- 
able challenge, but we are able to propose four 
recommendations for future research: (i) pursue a more 
stringent use of frameworks and methodologies that attri- 
bute impacts of bioenergy production on all development 
categories, (ii) report context conditions and criteria for 
attributing development impacts transparently, (iii) 
improve understanding of impacts of bioenergy production 
in developing countries with potentially favourable bio- 
physical conditions for bioenergy and (iv) improve under- 
standing of potential sustainable development impacts in 
different regions of using other bioenergy feedstock than 
biomass from dedicated plantations (e.g. organic waste 
and/or agricultural/forestry residues). Addressing these 
issues is essential for providing a more solid scientific basis 
for policymaking and governance agreements in the field of 
bioenergy and sustainable development. 


Acknowledgements 


The authors gratefully acknowledge the participation Omar 
Masera, Richard Plevin, Roberto Schaeffer, Rainer Zah and 
Jacob Mulugetta during the literature appraisal. Carmenza 
Robledo-Abad acknowledges support from the Swiss State 
Secretary of Economic Affairs. Helmut Haberl gratefully 
acknowledges funding from the Austrian Provision Pro- 
gramme, the Austrian Academy of Sciences (Global Change 
Programme) and the EU-FP7 project VOLANTE. 

Esteve Corbera acknowledges the support of the Spanish 
Research, Development and Innovation Secretariat through a 


‘Ramon y Cajal’ research fellowship (RYC-2010-07183) and of a 
Marie Curie Career Integration Grant (PCIG09-GA-2011- 
294234). Simon Bolwig acknowledges the support of the 
Innovation Fond Denmark. Alexander Popp acknowledges the 
support from the European Union's Seventh Framework Pro- 
gram project LUC4C (grant agreement no. 603542). Bart Muys 
acknowledges support from the KLIMOS Acropolis research 
network on sustainable development funded by VLIR/ARES/ 
DGD (Belgian Development Aid). Rasmus Klocker Larsen 
acknowledges funding from the Swedish research council 
Formas. Carol Hunsberger acknowledges the support of a post- 
doctoral fellowship from Canada's Social Sciences and Human- 
ities Research Council. John Garcia-Ulloa is supported by the 
Mercator Foundation Switzerland and the Zurich-Basel Plant 
Science Center. Johan Lilliestam, Anna Geddes and Susan 
Hanger acknowledge the support from the European Research 
Council (ERC) consolidator grant, contract number 313533. 
Joana Portugal-Pereira acknowledges the support of National 
Centre of Technological and Scientific Development (CNPq), 
under the Science Without Borders Programme (no 401164/ 
2012-8). Richard Harper acknowledges funding from the Aus- 
tralian Department of Climate Change and Energy Efficiency. 


References 


Ackerman F, DeCanio SJ, Howarth RB, Sheeran K (2009) Limitations of integrated 
assessment models of climate change. Climatic Change, 95, 297-315. 

Allwood JM, Bosetti V, Dubash NK, Gómez-Echeverri L, von Stechow C (2014) Glossary. In: 
Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds Edenhofer O, 
Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K, Adler A, Baum I, Brunner 
S, Eickemeier P, Kriemann B, Savolainen J, Schlómer S, von Stechow C, Zwickel T, Minx 
JO, pp. 1249-1279. Cambridge University Press, Cambridge, UK and New York, NY, 
USA. 

Bartolucci AA, Hillegass WB (2010) Overview, strengths, and limitations of system- 
atic reviews and meta-analyses. In: Evidence-Based Practice: Toward Optimizing 
Clinical Outcomes (ed. Chiappelli F), pp. 17-33. Springer, Berlin Heidelberg. 
(ISBN: 978-3-642-05024-4). Available at: http://link.springer.com/chapter/ 
10.1007 /978-3-642-05025-1_2 (accessed 05 March 2013). 

Beringer T, Lucht W, Schaphoff S (2011) Bioenergy production potential of global 
biomass plantations under environmental and agricultural constraints. Global 
Change Biology Bioenergy, 3, 299-312. 

Brandao M, Levasseur A, Kirschbaum MUF et al. (2013) Key issues and options in account- 
ing for carbon sequestration and temporary storage in life cycle assessment and carbon 
footprinting. International Journal of Life Cycle Assessment, 18, 230-240. 

Bustamante M, Robledo-Abad C, Harper R et al. (2014) Co-benefits, trade-offs, barri- 
ers and policies for greenhouse gas mitigation in the Agriculture, Forestry and 
Other Land Use (AFOLU) sector. Global Change Biology, 20, 3270-3290. 

Clarke L, Jiang K, Akimoto K et al. (2014) Assessing transformation pathways. In: Climate 
Change 2014: Mitigation of Climate Change. Contribution of Working Group II to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change (eds Edenhofer O, 
Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K, Adler A, Baum I, Brunner 
S, Eickemeier P, Kriemann B, Savolainen J, Schlomer S, von Stechow C, Zwickel T, Minx 
JO), pp. 413-511. Cambridge University Press, Cambridge, UK and New York, NY, USA. 

Creutzig F (2014) Economic and ecological views on climate change mitigation with 
bioenergy and negative emissions. GCB Bioenergy, 8, 4-10. 

Creutzig F, Corbera E, Bolwig S, Hunsberger C (2013) Integrating place-specific 
livelihood and equity outcomes into global assessments of bioenergy deployment. 
Environmental Research Letters, 8, 035047. 

Creutzig F, Ravindranath NH, Berndes G et al. (2014) Bioenergy and climate change 
mitigation: an assessment. GCB Bioenergy, 7, 916-944. 

Dale VH, Efroymson RA, Kline KL, Davitt MS (2015) A framework for selecting indica- 
tors of bioenergy sustainability. Biofuels, Bioproducts and Biorefining, 9, 435-446. 


Dauvergne P, Neville KJ (2010) Forests, food, and fuel in the tropics: the uneven 
social and ecological consequences of the emerging political economy of biofuels. 
Journal of Peasant Studies, 37, 631—660. 

Delucchi MA (2010) Impacts of biofuels on climate change, water use, and land use. 
In: Year in Ecology and Conservation Biology 2010 (eds Ostfeld RS, Schlesinger WH), 


© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd, doi: 10.1111/gcbb.12338 


BIOENERGY AND SUSTAINABLE DEVELOPMENT 15 


pp. 28-45, (ISBN: 978-1-57331-791-7). New York Academy of Sciences, Willey- 
Blackwell, New Jersey. 

DeLucia EH, Gomez-Casanovas N, Greenberg JA et al. (2014) The theoretical limit to 
plant productivity. Environmental Science & Technology, 48, 9471-9477. 

Edenhofer O, Pichs-Madruga R, Sokona Y et al. (2014) Technical summary. In: Cli- 
mate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds 
Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K, 
Adler A, Baum I, Brunner S, Eickemeier P, Kriemann B, Savolainen J, Schlómer S, 
von Stechow C, Zwickel T, Minx JC), pp. 33-11. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 

Finkbeiner M (2013) Indirect Land Use Change (iLUC) within Life Cycle Assessment (LCA) — Scien- 
tific Robustness and Consistency with International Standards. Publication of the Association of 
the German Biofuel Industry, Berlin, Germany. Available at http://www.fe- 
diol.eu/data/RZ_VDB_0030_Vorstudie ENG Komplett.pdf (accessed 10 August 2015). 

Gamborg C, Anker HT, Sandge P (2014) Ethical and legal challenges in bioenergy 
governance: coping with value disagreement and regulatory complexity. Energy 
Policy, 69, 326-333. 

García CA, Riegelhaupt E, Ghilardi A, Skutsch M, Islas J, Manzini F, Masera O 
(2015) Sustainable bioenergy options for Mexico: GHG mitigation and costs. 
Renewable and Sustainable Energy Reviews, 43, 545-552. 

German L, Schoneveld GC, Gumbo D (2011) The Local Social and Environmental Impacts 
of Smallholder-Based Biofuel Investments in Zambia. Ecology and Society, 16, 12 

Gregg JS, Smith SJ (2010) Global and regional potential for bioenergy from agricul- 
tural and forestry residue biomass. Mitigation and Adaptation Strategies for Global 
Change, 15, 241-262. 

Haberl H (2015) Competition for land: a sociometabolic perspective. Ecological Eco- 

nomics, 111, 424-431. 

Haberl H (2016) The growing role of biomass for future resource supply - prospects 

and pitfalls. In: Sustainability Assessment of Renewables-Based Products: Methods and 

Case Studies (eds Dewulf J, De Meester S, Alvarenga RAF), pp. 1-18. John 

Wiley and Sons, Ltd., New Jersey. 

Haberl H, Erb K-H, Krausmann F ef al. (2011) Global bioenergy potentials from agri- 

cultural land in 2050: sensitivity to climate change, diets and yields. Biomass and 

Bioenergy, 35, 4753-4769. 

Haberl H, Erb K-H, Krausmann F, Running S, Searchinger TD, Smith WK (2013) Bioen- 

ergy: how much can we expect for 2050? Environmental Research Letters, 8, 031004. 


Hejazi MI, Voisin N, Liu L et al. (2015) 21st century United States emissions mitigation 
could increase water stress more than the climate change it is mitigating. Proceedings 
of the National Academy of Sciences of the United States of America, 112, 10635-10640. 

Hertwich E (2014) Understanding the climate mitigation benefits of product systems: 
comment on "using attributional life cycle assessment to estimate climate-change 
mitigation. . .". Journal of Industrial Ecology, 18, 464—465. 

Hodbod J, Tomei J (2013) Demystifying the Social Impacts of Biofuels at Local 
Levels: where is the Evidence? Geography Compass, 7, 478-488. 

Hoogwijk M, Faaij A, de Vries B, Turkenburg W (2009) Exploration of regional and 
global cost-supply curves of biomass energy from short-rotation crops at aban- 
doned cropland and rest land under four IPCC SRES land-use scenarios. Biomass 
and Bioenergy, 33, 26-43. 

Hunsberger C, Bolwig S, Corbera E, Creutzig F (2014) Livelihood impacts of biofuel 
crop production: implications for governance. Geoforum, 54, 248-260. 

PCC (2014) Climate Change 2014: Mitigation of Climate Change. Contribution of the 
Working Group II to the Fifth Assessment Report to the Intergovernmental 
Panel on Climate Change (eds Edenhofer O, Pichs-Madruga R, Sokona Y, Fara- 
hani E, Kadner S, Seyboth K, Adler A, Baum I, Brunner S, Eickemeier P, 
Kriemann B, Savolainen J, Schlómer S, von Stechow C, Zwickel T, Minx JC) 
Cambridge University Press, Cambridge, UK and New York, NY, USA. 

Krausmann F, Erb K-H, Gingrich S et al. 2013) Global human appropriation of net 


primary production doubled in the 20th century. Proceedings of the National Acad- 
emy of Sciences of the United States of America, 110, 10324-10329. 

Lambin EF, Meyfroidt P (2011) Global land use change, economic globalization, and 
the looming land scarcity. Proceedings of the National Academy of Sciences of the Uni- 
ted States of America, 108, 3465-3472. 

Larsen RK, Jiwan N, Rompas A, Jenito J, Osbeck M, Tarigan A (2014) Towards “hy- 
brid accountability” in EU biofuels policy? Community grievances and competing 
water claims in the Central Kalimantan oil palm sector. Geoforum, 54, 295-305. 

Lotze-Campen H, von Lampe M, Kyle P et al. (2014) Impacts of increased bioenergy 
demand on global food markets: an AgMIP economic model intercomparison. 
Agricultural Economics, 45, 103-116. 

Lubowski RN, Rose SK (2013) The potential for REDD+: key economic modeling 
insights and issues. Review of Environmental Economics and Policy, 7, 67-90. 


Mandaloufas M, de Q, Lamas W, Brown S, Irizarry Quintero A (2015) Energy bal- 
ance analysis of the Brazilian alcohol for flex fuel production. Renewable and Sus- 
tainable Energy Reviews, 43, 403-414. 

Mendes Souza G, Victoria RL, Joly CA, Vedade L (Eds) (2015) Bioenergy & Sustain- 
ability: Bridging the Gaps. SCOPE Scientific Committee on Problems of the Envir- 


onment, Paris Cedex, France. 

Munoz I, Schmidt JH, Brandào M, Weidema BP (2015) Rebuttal to "Indirect land use 
change GLUC) within life cycle assessment (LCA) — scientific robustness and con- 
sistency with international standards". GCB Bioenergy, 7, 565-566. 

Muys B (2013) Sustainable Development within Planetary Boundaries: A Functional Revi- 
sion of the Definition Based on the Thermodynamics of Complex Social-Ecological Systems. 
Available at http://librelloph.com/ojs/index.php/challengesinsustainability / 
article/ view /22 (accessed 16 December 2014). 

Nijsen M, Smeets E, Stehfest E, van Vuuren DP (2012) An evaluation of the global 
potential of bioenergy production on degraded lands. GCB Bioenergy, 4, 130- 
147. 

Odlare M, Arthurson V, Pell M, Svensson K, Nehrenheim E, Abubaker J (2011) Land 
application of organic waste - effects on the soil ecosystem. Applied Energy, 88, 
2210-2218. 

Persson UM (2014) The impact of biofuel demand on agricultural commodity prices: 
a systematic review. Wiley Interdisciplinary Reviews: Energy and Environment, 4, 
410-428. 

Petticrew M, Roberts H (2008) Systematic Reviews in the Social Sciences: A Practical 
Guide. (ISBN: 978-1-4051-2110-1). Available at http://onlinelibrary.wiley. 
com/book/10.1002/9780470754887 (accessed 05 March 2013). 

Plevin RJ, Delucchi MA, Creutzig F (2014a) Using attributional life cycle assessment 
to estimate climate-change mitigation benefits misleads policy makers. Journal of 
Industrial Ecology, 18, 73-83. 

Plevin R, Delucchi M, Creutzig F (2014b) Response to comments on "using attribu- 
tional life cycle assessment to estimate climate-change mitigation ...". Journal of 
Industrial Ecology, 18, 468-470. 

Popp A, Lotze-Campen H, Leimbach M, Knopf B, Beringer T, Bauer N, Bodirsky B 
(2011) On sustainability of bioenergy production: integrating co-emissions from 
agricultural intensification. Biomass and Bioenergy, 35, 4770-4780. 

R Core Team (2014) R: A Language and Environment for Statistical Computing. R Foun- 
dation for Statistical Computing, Vienna, Austria. 

Ravnborg HM, Larsen RK, Vilsen JL, Funder M (2013) Environmental Governance and 
Development Cooperation — Achievements and Challenges. Danish Institute of Interna- 
tional Studies, Copenhagen, Denmark. Available at: https:/ /www.diis.dk/files/ 
media/ publications /import/extra/rp2013-15-environmental-governance_- 
web 1.pdf (accessed 10 December 2015). 

Scharlemann JPW, Laurence WF (2014) How Green Are Biofuels? Animal Science 
Blogs. Available at: http:/ /sites.psu.edu/tetherton/2008/02/28/how-green-are- 
biofuels/ (accessed 19 August 2015). 

Smeets EMW, Faaij APC (2010) The impact of sustainability criteria on the costs and 
potentials of bioenergy production - Applied for case studies in Brazil and 
Ukraine. Biomass and Bioenergy, 34, 319-333. 

Smeets EMW, Faaij APC, Lewandowski IM, Turkenburg WC (2007) A bottom-up 
assessment and review of global bio-energy potentials to 2050. Progress in Energy 
and Combustion Science, 33, 56-106. 

Smith P, Bustamante M, Ahammad H et al. (2014) Agriculture, forestry and other 
land use (AFOLU). In: Climate Change 2014: Mitigation of Climate Change. Con- 
tribution of Working Group II to the Fifth Assessment Report of the Intergovern- 
mental Panel on Climate Change (eds Edenhofer O, Pichs-Madruga R, Sokona Y, 
Farahani E, Kadner S, Seyboth K, Adler A, Baum I, Brunner S, Eickemeier P, 
Kriemann B, Savolainen J, Schlómer S, von Stechow C, Zwickel T, Minx JC), 
pp. 811-922. Chapter 11. Cambridge University Press, Cambridge, UK and 
New York, NY, USA. 

Sneddon C, Howarth RB, Norgaard RB (2006) Sustainable development in a post- 
Brundtland world. Ecological Economics, 57, 253-268. 

Sorda G, Banse M, Kemfert C (2010) An overview of biofuel policies across the 
world. Energy Policy, 38, 6977—6988. 

von Stechow C, McCollum D, Riahi K et al. 2015) Integrating global climate change 
mitigation goals with other sustainability objectives: a synthesis. Annual Review of 
Environment and Resources, 40, 363-394. 

Tilman D, Socolow R, Foley JA et al. (2009) Beneficial biofuels—the food, energy, 
and environment trilemma. Science, 325, 270-271. 

Tribe LH, Schelling CS, Voss J (Eds.) (1976) When Values Conflict. Essays on Environ- 
mental Analysis, Discourse, and Decision. published for the American Academy of 
Arts and Science by Ballinger Publishing Co, Cambridge, MA. 


© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd, doi: 10.1111/gcbb.12338 


16 C. ROBLEDO-ABAD et al. 


Supporting Information 


Additional Supporting Information may be found in the online version of this article: 


Data S1. Bioenergy production and sustainable development: limited science base for policy making-Protocol. 
Table $1. Characterization. 

Table $2. Conditions. 

Table 53. Potential impacts. 

Table 54. Possible answers to potential impacts. 

Data S2. Additional results. 

Table S5. Number of studies per category and impact (n = 316). 

Table S6. Positive, negative and neutral impacts. 

Table S7. Methodological approaches used. 

Table S8. Methodological approach per impact considered. 

Table S9. Number of articles per method. 

Table S10. Cross-analysis potential vs. bioenergy resource. 

Table S11. Aggregated regional distribution of impacts. 

Table S12. Country distribution of the impacts considered. 

Data S3. Article selection and data extraction. 

Table S13. Basic set of articles. 

Table $14. Appraisal results. 

Table $15. Set of studies included in the data extraction. 

Table $16. Data extraction — Characterization. 

Table S17. Data extraction — Conditions. 

Table $18. Data extraction — Potential impacts. 

Data S4. Regional distribution of each impact considered in the systematic review. 
Figure $1. Regional distribution of impacts on energy independence. 

Figure S2. Regional distribution of impacts on land tenure. 

Figure $3. Regional distribution of impacts on cross-sectoral coordination. 

Figure $4. Regional distribution of impacts on labour rights. 

Figure S5. Regional distribution of impacts on participative mechanisms. 

Figure S6. Regional distribution of impacts on food security. 

Figure S7. Regional distribution of impacts on conflicts or social tension. 

Figure $8. Regional distribution of impacts on traditional or indigenous practices. 
Figure S9. Regional distribution of impacts on displacement of farmers. 

Figure $10. Regional distribution of impacts on capacity building. 

Figure $11. Regional distribution of impacts on women. 

Figure $12. Regional distribution of impacts on elderly people. 

Figure $13. Regional distribution of impacts on specific ethnic groups. 

Figure $14. Regional distribution of impacts on health. 

Figure $15. Regional distribution of impacts on deforestation or forest degradation. 
Figure $16. Regional distribution of negative impacts of fertilizers on soil and water. 
Figure $17. Regional distribution of impacts on soil and water. 

Figure $18. Regional distribution of impacts on biodiversity. 

Figure $19. Regional distribution of impacts on displacement of activities or land uses. 
Figure $20. Regional distribution of impacts on direct GHG emission substitution. 
Figure $21. Regional distribution of impacts on economic activity. 

Figure $22. Regional distribution of impacts on economic diversification. 

Figure $23. Regional distribution of impacts on market opportunities. 

Figure $24. Regional distribution of impacts on feedstock prices. 

Figure $25. Regional distribution of impacts on concentration of income. 

Figure $26. Regional distribution of impacts on poverty. 

Figure $27. Regional distribution of impacts on the use of waste or residues creating socio-economic benefits. 
Figure $28. Regional distribution of impacts on mid and long-term revenue's certainty. 
Figure $29. Regional distribution of impacts on employment. 

Figure $30. Regional distribution of impacts on technology development and transfer. 
Figure $31. Regional distribution of impacts on infrastructure coverage. 

Figure $32. Regional distribution of impacts on access to infrastructure. 

Figure $33. Regional distribution of impacts on labour demand. 


© 2016 The Authors. Global Change Biology Bioenergy Published by John Wiley & Sons Ltd, doi: 10.1111/gcbb.12338 


